A measure of genetic diversity of genotypes to be used as parents is imperative to use them prudently in crop improvement. In this study, genetic diversity and population structure of 133 sugarcane hybrid derivatives were quantified using 20 sequence-tagged microsatellite sites (STMS) primers. The number of alleles ranged from 9 to 27 with the average of 17.95 alleles per primer, while the polymorphism information content values of the primers ranged from 0.29 to 0.78. Cophenetic correlation coefficient value observed as 0.84 by STMS markers revealed that the cluster result was acceptable for the calculation of genetic similarity matrix. Principal component analysis showed that 133 genotypes fell in two groups, first and second components associated 8.34 and 3.22% with eigen values of 5.61 and 2.17, respectively. Similar trend was observed with principal coordinate analysis, wherein, the first and second component accounted to 8.34 and 3.22% with eigen values of 741.29 and 286.11. The similarity index values ranged from 0.50 to 0.87 for the possible 8778 combinations from 133 genotypes, of which 8069 combinations exhibited less/moderate genetic similarity indicating the availability of sufficient genetic diversity in the experimental material and hence their value in the genetic improvement of sugarcane. Dissimilarity analysis using DARwin of 133 genotypes could distinguish two major clusters and into five subclusters and the results matched with those of the population structure which also showed five subpopulations. The bigger group SP1 was predominantly comprised of clones developed at the main sugarcane-breeding place in India, located at Coimbatore. The subpopulation SP4 was formed largely with clones from research stations other than at Coimbatore and interspecific hybrids, while SP5 comprised of clones of early origin. These observations were similar to the radial tree based on the DARwin software in that 81.95% of the genotypes of each cluster were similar in the two analyses. The results thus showed that location and time of origin were two major factors that contributed to diversity. Based on analysis of molecular variance, subpopulations SP2 and SP4 were more variable from the rest. SP2 (comprising of Co 99008, Co 99006, Co 94012, Co 93023, CoC 671, Co 89034, Co 91003, Co 06022, Co 98017, Co 87044, Co 06018, Co 89003, Co 98014, and Co 86032) exhibited maximum genetic variation, the least gene flow, and the lowest heterozygosity value and would serve as the best group for utilization in genetic improvement. Graphical genotyping (GGT) image of each genotype was distinctly different, indicating the genetic uniqueness of sugarcane genotypes under study as revealed through STMS technology. A core set of 40 genotypes was identified using GGT 2.0 software program for the easiness of harnessing the available genetic diversity of 133 genotypes, through hybridization in sugarcane improvement programs.
Introduction
Sugarcane (Saccharum sp.), a commercial crop of great significance caters to about 75% of world sucrose production, is grown in more than 100 countries (http://www.illov o.co.za/ world ofsug ar). Genetic improvement of sugarcane pioneered with research primarily at Java and India has now become a major focus in several countries. A precision breeding strategy is yet to be implemented in the crop due to its complex polyploid and aneuploid genetic nature. Breeding is integrated with biotechnology, so that maximum advantage can be taken of new opportunities and that the current level of production is sustained (Hogarth et al. 1997) . A readily usable application of molecular approach would be in estimating the genetic diversity of parental lines to harness the best of diversity existing in the gene pool. Molecular markers were used in quantifying the genetic diversity available for crop improvement program including basic germplasm of sugarcane (Jannoo et al. 2001; Hemaprabha and Sree Rangasamy 2001) . Microsatellites have been found to be the marker of choice and the results of microsatellite analysis in sugarcane have indicated the importance of this marker system in characterize cane varieties and as genetic markers in sugarcane (Jannoo et al. 2001 ). Due to its high specificity, sequence-tagged microsatellite markers (STMS) can discriminate even closely related germplasm lines (Hemaprabha et al. 2005 (Hemaprabha et al. , 2013 . Sugarcane improvement is accelerated by the development and utilization of new breeding materials. In this study, we took 133 elite and advanced selections for estimating genetic diversity and to identify genetically more diverse genotypes and combinations making use of 20 sugarcanespecific STMS primers developed from Genbank database. We attempted to effectively use a few computational tools, as mentioned in the methods, to identify the diverse materials for further use in breeding. In view of the reported application of population structure analysis for getting a clear picture on gene flow and to assign individuals to populations (Pritchard et al. 2000) , the study was aimed in this direction as well. Apart, the extent of variation as well as a graphical fingerprint of each clone was developed adopting graphical genotyping (GGT) following (Van Berloo 2007) who developed this important tool to facilitate the process of selection and evaluation of plant material. Sugarcane breeding is one of the toughest and time-consuming activities (Heinz 1987) . In many cases, the size of germplasm collections limits their utilization in plant breeding. We intended to downsize the number of genotypes from 133, based on the concept of a core collection that would contain as much genetic diversity as the original set (Vaughan 1991) for harnessing the best out of a smaller and manageable parental pool.
Materials and methods

Plant material
The plant materials for the study were obtained from the fields at ICAR-Sugarcane Breeding Institute, Coimbatore.
A total of 133 clones were used for the study as given in (Supplementary Table 1) .
DNA extraction and quality check
Plant sample was collected from the fields of ICAR-Sugarcane Breeding Institute, Coimbatore. DNA was isolated by C-TAB method (Doyle and Doyle 1987) and purified. The quantity and quality were checked using Nanodrop Spectrophotometer (ND-1000).
Primers used
About 20 primers were used to analyze and study the genetic diversity among the clones. Among 20 primers used, two primers were derived from EST sequences and 18 primers were from Genomic sequences. Primers used for this study are mentioned on (Supplementary Table 2 ).
Polymerase chain reaction (PCR) and electrophoresis
The DNA samples were diluted to get a final concentration of 20 ng/µl for PCR amplification. The PCR reaction was performed in a thermal cycler (Eppendorf, PRO-S) using a 10 µl reaction mix consisting of final concentration of 20 ng template DNA, 25 pmol each of forward and reverse primers, 0.3-unit Taq polymerase (Merck, India), lx Taq Buffer (Merck, India), and 100 µM dNTPs (Merck, India). The basic cycling profile was 2 min at 95 °C followed by 35 cycles of 1 min at 94 °C, 40 s at the annealing temperature standardized for each primer (ranging from 55 to 58 °C), 40 s extension at 72 °C, and a final extension of 7 min at 72 °C. PCR products were resolved on 8% non-denaturing polyacrylamide gels in a vertical electrophoresis apparatus (Scie-Plas) and stained with Silver nitrate. The size of the amplified fragment was estimated using 100 bp DNA ladder. The gel documentation was done using Alpha Imager (Alpha Innotech).
Data analysis
All the genotypes listed in (Supplementary Table 1) were analyzed using 20 sugarcane-specific STMS primers as given in (Supplementary Table 2 ). The amplified bands were scored for presence (1) or absence (0) in all 133 genotypes and the data were used to calculate the Jaccard's similarity coefficient (JSCs) using the NTSYS-pc software (Version 2.0) (Rohlf 1990 ). Using molecular marker data, the degree of dissimilarity between two genotypes was derived (Nei and Li 1979) which would describe the allelic variation. Genetic similarity (GS) or Similarity Index (SI) that represents the proportion of molecular markers common between any two individuals being compared was performed by comparing the number of rows of marker fragments of (apparently) similar size separated by electrophoresis. Genetic distances between each pair of lines were estimated as GD = 1 − GS. For genetic diversity analysis, Jaccard's coefficient (1908) was used considering it appropriateness with co-dominant markers like SSR. The pairwise Jaccard index is calculated by the following equation:
where N ij is the total number of bands common to lines i and j, and N i and N j are the number of bands only present in i and j, respectively.
A distance-based unweighted neighbour-joining cluster tree was constructed based on pairwise distance matrix and dissimilarity index. Dendrogram was constructed using the DARwin software with 133 sugarcane genotypes (Singh et al. 2013; Perrier and Jacquemoud-Collet 2006) . Polymorphic information content (PIC) was calculated using the formula, PIC = 1 − ΣP ij 2 (Anderson et al. 1993 ), where Pij is the frequency of the jth allele for ith locus summed across all alleles for the locus.
To validate the correspondence between the cluster analysis and genetic similarity matrix cophenetic correlation coefficient (CCC) was calculated using the COPH and MXCOMP modules of NTSYS-pc (2.10) (Oliveira et al. 2009 ). Population distribution was analyzed using principal component analysis (PCA) which was performed on the basis of genotypic data. Principal coordinate analysis (PCoA) and PCA was carried out using the PAST 2 software (Hammer et al. 2001) .
Analysis of the population structure of 133 sugarcane genotypes was carried out using STRU CTU RE v.2.3.4, for which a Bayesian approach is used to infer population structure (Pritchard et al. 2000) . Gene flow (N m ), or the number of migrants entering a population in each generation, was estimated using the formula given below, as suggested by Zhou et al. (2015) . N m = 0.25 × (1 − F st )/F st (five independent runs with K value ranging from 2 to 8 and five iterations for each value of K was set).
To determine the actual K value, the following structure parameter was set with the possibility of admixture and allele frequency correlated: the length of the burning period was 50,000 iterations followed by 200,000 Monte Carlo Markov Chain replicates. To obtain the optimal K value, it was plotted against the mean estimate of log probability of the data L(K). The actual number of subpopulations was identified using the maximum L(K) value. The final population structure was calculated with ΔK, based on the second-order rate of change of likelihood distribution mean L″(K) and with respect to K estimated using STRU CTU RE Harvester, it showed a clear peak at optimal K value (Evanno et al. 2005; Earl and vonHoldt 2012) . Analysis of molecular variance (AMOVA) was conducted to detect the genetic variance within and among subpopulation using GenAlEx Ver 6.5 (Peakall and Smouse 2012; Kaur et al. 2016) .
A combined analysis was done with all the genotypes from the given sets based on results with common primers using Jaccard's coefficient and genotyping was done using the graphical genotyping software GGT 2.0 (Van Berloo 2007) .
Using the graphical genotyping software GGT 2.0 was used to analyze the marker data of 133 genotypes (Van Berloo 2007) . GGT data graphically represented a GGT image that showed the first linkage group of all individuals next to each other. In the GGT image, the presence and absence of bands entered were shown in red and blue colour, respectively.
Results and discussion
The availability of genetic variability is an invaluable source for plant breeders for realizing further improvement in the form of new varieties and hybrids. Sugarcane is no exception and the early genetic gains are sustained through genetic base broadening (Heinz 1987) . Genetic variation also holds the key to the ability of populations and species to persist over evolutionary period of time through changing environments (Narain 2000) for which a correct estimation of genetic variability is required. One of the ways to estimate genetic variability in a population is to analyze the different alleles at the various gene loci with the use of molecular markers (Solomon et al. 2010) . In the present study, we analyzed the genetic variability among 133 elite genetic material of sugarcane using genomic and EST based STMS primers. Among the primers used, 70% were dinucleotide, 25% were trinucleotide, and 5% were tetranucleotide sequences and were earlier reported to be efficient in DNA fingerprinting and genetic diversity analysis in sugarcane (Hemaprabha et al. 2005) .
Genomic and EST primers amplified distinct banding pattern among 133 elite sugarcane clones, which exhibited varying degrees of polymorphism. Twenty markers detected 359 alleles with a mean 17.95 primer, reflecting the genetic complexity and polyploidy genome of sugarcane (Fig. 1a, b) . The polymorphism percentage ranged from 69.2 (NKS1) to 100% with (NKS 5, NKS 28, NKS 34, and NKS 52) ( The absence of markers could be explained with the possibility of null alleles with microsatellite-based markers. It has been reported that null alleles fail to amplify due to primer site variation, thereby a visible amplicon is not produced. In addition, these have been shown to be present in large populations with an unusually high mutation rate (Chapuis and Estoup 2006) . Sugarcane, being an ancient crop maintained by clonal propagation and the buffering of polyploidy preserving all the genetic changes over generations, is an ideal candidate, where one can expect null alleles in large frequencies. Null alleles for the particular locus appear as failed amplifications, in contrast to individuals that are heterozygous (for a null allele) appearing to be homozygous. This would explain the absence of bands to be unique to a genotype. The unique markers could be useful in clonal identification and hybridity analysis. More specifically, GGT images could serve as fingerprints of each of 133 genotypes, as discussed later. Principal component analysis (PCA) is a dimensionreduction tool that can be used to reduce a large set of variables to a small set that still contains most of the information in the large set. PCA is a mathematical procedure that transforms a number of possibly correlated variables into a smaller number of uncorrelated variables called principal components (Price et al. 2006) . In this study, PCA analysis of 133 genotypes based on variant-co variant matrix showed that the first and second component accounted 8.34 and 3.22% variance with eigen values of 5.61 and 2.17, respectively. Among 133 genotypes, 17 types showed eigen value above 1 as a sign of their high genetic variability. PCA scatter plot showed the Jolliffe cutoff value of 0.3569 and 79 genotypes fell above that and hence are more variable. PCA scatter plot revealed two main clusters, while the clones CoS 92263 and CoS 510 fell away from the main clusters, as shown in Fig. 2 . Majority of the commercial canes developed at Sugarcane Breeding Institute located at Coimbatore fell in one cluster and the second cluster contained interspecific hybrids and commercial cultivars from other sugarcane research centers.
PCoA is based on Euclidean similarity index. First and the second coordinate axis showed 8.34 and 3.22% with eigen value 741.29 and 286.11, respectively. PCoA scatter plot showed two main clusters. In line with PCA, here also most of the commercial canes fell in cluster one, while the second cluster contained ISH clones and commercial cultivars from other centers (Fig. 3) .
Cophenetic analysis was done to evaluate the goodness of fit of the resulting phylogenetic tree. This analysis based on SSR marker data showed consistency of the inferred relationship with a high CCC value of 0.84. CCC results obtained in this study were similar to the results of (Oliveira et al. 2009 ) and indicated that the cluster results were good and suitable for the calculation of genetic similarity matrix.
Similarity index of all possible combinations were calculated. A total of 8778 combinations were possible with 133 clones. SI values of the combinations showed that 1812 combinations were more diverse with SI between 0.5 and 0.6. Vast majority of combinations (8069) (Fig. 4) , and these highly similar combinations need to be avoided in hybridization in light of the earlier studies, which clearly established less genetic gain from such genetically similar combinations (Hemaprabha et al. 2013 ). This marginal proportion of genetically more similar clones and huge number of diverse combinations in the studied material was an advantageous indication of high parental diversity among the clones used in the study. The study threw open a large number of genetically more diverse combinations available for hybridization programs thus demonstrated the advantage of the present-day breeding pool for varietal development in the crop. This result is supported by an earlier study involving 90 introduced sugarcane cultivars from 15 source countries which revealed high within-population genetic diversity and high Shannon information index among Indian varieties compared to those from other countries (Tena et al. 2014) . The material of the present study with a different set of genotypes could establish that there is a deliberate attempt of Different clustering methods are adopted to estimate genetic relatedness of populations or accessions of a species. A radial tree was constructed using the DARwin software (V6) in which 133 genotypes clustered in two major clusters (Fig. 5 ). Cluster 1 with 81 genotypes formed a larger cluster, which was sub clustered as subcluster 1, 2 and 5 with 49, 16, and 16 genotypes, respectively (Table 2) . Among the subclusters, subcluster 5 largely contained the earlier bred clones as well as short duration clones. The cluster 2 with 52 clones contained two subclusters with 40 and 12 individuals. It could be seen that the subclusters 3 and 4 predominantly contained genotypes developed at other research stations, particularly from subtropical India and interspecific hybrids. Thus, there was a trend of clustering based on time and region of origin.
The genetic architecture of a set of germplasm lines can be precisely estimated by assessing the STRU CTU RE of the population using molecular markers viz., SSRs or SNPs etc. (Horst and Wenzel 2007; Varshney et al. 2007 ). STRU CTU RE, being a model-based approach, could discriminate 133 sugarcane genotypes based on SSR polymorphism. Bayesian genetic structure harvester computed at K = 2, formed two major groups (result not shown). It clarifies the relationship However, the best value of K at 5 (maximum ΔK of 5) divided 133 genotypes into five subpopulations viz. SP1, SP2, SP3, SP4, and SP5 (Fig. 6) . Among the diverse groups, SP1 contained more number of genotypes (55), while SP2, SP3, SP4, and SP5 contained 14, 41, 10, and 13 genotypes, respectively (Fig. 7) . A careful observation of the groups indicated that five subgroups are due to differences in genetic background, ecological environments of their origin as well as time periods of origin. The bigger group SP1 was largely comprised of the clones developed at the main sugarcanebreeding place in India, located at Coimbatore. Similar observation was made for SP2, while SP3 was mainly made up of varieties developed after 1985 AD. Of the remaining groups, SP4 was formed largely with clones from research stations other than at Coimbatore and interspecific hybrids, while SP5 comprised of clones of early origin. Clones from other stations and time periods were present in lesser proportions in all the five groups. These observations were similar to the radial tree based on the DARwin software as 81.95% of the genotypes of each cluster were similar in the two analyses. The results thus showed that location and time of origin were two major factors that contributed to diversity. The presence of interspecific hybrids in different clusters could be explained by the fact that sugarcane varieties are interspecific hybrids, selected for economically valuable traits and the interspecific hybrids are no exception, though these were not given commercial status (as Co-or Co-allied clones). The observation of clustering based on the time of origin is significant in that their development is dependent on the available genetic sources at the point of their development and hence divergence. The advancement in genetic gain could also be attributed to difference in molecular diversity, which invites a detailed study of marker diversity in relation to generations of breeding.
AMOVA based on population STRU CTU RE attributed 84% within group variation and 16% between group variation (Table 3) . Fixation index (F st ) which indicate the variation within the population showed subpopulations SP4 (F st = 0.155) and SP2 (0.152) to be more variable, while among the pairs of groups, SP2 and SP4 (0.266), SP4 and SP5 (0.229) and SP2 and SP 3 (0.226 ) exhibited more variability (Table 4) . Analyzing the gene flow among populations, SP2 showed the least gene flow value of 0.22, the highest being in SP3 (0.76), while the average gene flow was 0.50. The highest heterozygosity was observed in SP3 and the lowest in SP2 (Table 5) . Natural selection, gene mutation, and gene flow are the main causes of changes in genetic structure. It has been reported that gene flow value greater than 1.00 would resist the effect of genetic drift and prevent the differentiation of populations (Hamrick and Godt 1990; Slatkin 1981) . N m value obtained from the subpopulation reflected diversity among 133 genotypes. In light of these findings it could be seen that there existed enough potential among the genotypes under study for their successful GGT images of 133 genotypes were constructed as chromosome drawings based on the presence of PCR amplified products and it could be noted that each image was distinct from one another (Fig. 8) . This observation has two practical applications. The first is in demonstrating the power of STMS primers in individually discriminating each genotype of sugarcane in spite of common origin of some of the genotypes used for the study. The second is in the use of GGT images of sugarcane genotypes to serve as their unique identity. The heterozygous and polyploidy nature of sugarcane genome led to the amplification of more number of markers per locus and that could give rise to a large number of polymorphic markers to lead to the distinctiveness of the GGT images.
Core set
A core collection would serve as a good starting point when searching for new traits (Vaughan 1991) and could be used for in-depth evaluation and for increasing the knowledge of the entire collection (Knupffer and van Hintum 1995) . In this study, forty among the 133 genotypes were shortlisted using GGT that almost represented the available genetic diversity. The diversity value of core selection was 2922.32 against 2469.29 of the original set (Table 6 ). Hence, this set of clones could be conveniently used in breeding program to cover the genetic diversity available in 133 clones.
Conclusion
The study could quantify genetic diversity among a set of elite genotypes for their judicious use in sugarcane improvement in India. Diverse genotypes, combinations and groups were identified subjecting the data on molecular marker polymorphism to analysis using robust statistical tools. The studied population exhibited moderately high genetic diversity which can be successfully exploited by hybridization and selection. The clustering based on PCA, PCoA, radial tree, and population structure was in agreement with one another and the populations clustered largely based on the region and time of their development. GGT images clearly distinguished each clone with unique images and would be useful as their molecular signatures for their unambiguous identification. To simplify an otherwise tedious process of hybridization in sugarcane, a core set of 40 genotypes was identified that could satisfactorily represent the diversity among the 133 genotypes. This study thus made use of the molecular marker information for immediate benefit to breeders to strategically harness the genetic variability through breeding and to further diversify the parental pool through pre-breeding activities for faster genetic gains.
